Based on the comparison against CALIOP, a quality assurance (QA) procedure is developed. It is 25 found that 74% (81-84%) of the retrieved heights fall within 1 km of CALIOP observations for 26 unfiltered (QA-filtered) data, with root-mean-square error (RMSE) of 1.1 km (0.8-1.0 km). 27
INTRODUCTION
models with injection height information for air quality predictions, and serve as an evaluation 48 target for the model results (e.g. Kahn et al., 2007; Koffi et al., 2012) . 49
There has been increasing interest in the synergistic use of multiple satellite sensors to address 50 aerosol-related scientific problems (e.g. Anderson et al., 2005; Jeong and Li, 2005; Kim et al., 51 2007; Torres et al., 2013) . The Aerosol Single-scattering albedo and Height Estimation (ASHE) 52 algorithm (Jeong and Hsu, 2008; Lee et al., 2015) is one such effort, among others (e.g. Satheesh 53 et al., 2009) , to retrieve the height of UV-absorbing aerosols (e.g. smoke and dust) over broad Other satellite sensors, notably the Multi-Angle Imaging SpectroRadiometer (MISR) and 62 (Advanced) Along-Track Scanning Radiometers ((A)ATSR), can also provide aerosol heights 63 using multi-angle imaging (i.e., parallax) (Nelson et al., 2013; Fisher et al., 2014) . However, with 64 the ability to retrieve data over a much broader spatial domain (thousands of kilometres in the 65 case of MODIS and VIIRS) including aerosol layers far from the source region, ASHE retrievals 66 can complement the existing data sets (Note the multi-angle approach is limited to aerosol plumes 67 that have discernible features, i.e. typically close to their sources; Kahn et al., 2008) . 68
Our previous studies (Jeong and Hsu, 2008; Lee et al., 2015) showed promising results when 69 retrieving heights for rather heavy smoke and dust cases; Jeong and Hsu (2008) from the top portion of the profile, to avoid 113 potential errors caused by thin elevated aerosol layers above the layer of interest (cf. Lee et al., 114 2015) . 115
Comparison of spatially resolved satellite data with temporally resolved point measurements 116
has conventionally been performed with spatial and temporal statistics for satellite and points 117 measurements, respectively. This is to resolve the different sampling characteristics of the data 118 sets and increase the number of data points, which is critical for statistical significance of the 119 comparison. For aerosol studies, a spatial window of 25 km from the point measurement and a 120 temporal window of 30 min from the satellite overpass time have widely been used (e.g. Ichoku 121 et al., 2002) . However, the coarse spatial resolution of the ASHE product (50 km × 50 km at 122 nadir) did not allow us to use this spatial criterion since it would be difficult to get collocated 123 samples between ASHE and MPLNET, particularly near the edge of the swath where the pixel 124 size is enlarged. Ichoku et al. (2002) reported using MODIS data that mean AOD showed similar 125 statistics for spatial windows ranging from 30 × 30 km to 90 × 90 km (which corresponds to 126 spatial windows of approximately 15-45 km for the convention used here) over various locations. 127
Based on previous work and the fact that the spatial variability of ATH is generally lower than 128 that of AOD (often factor of two or more lower in terms of relative standard deviation over the 129 study area because of its dependence on large-scale dynamics such as boundary layer height), we 130 used a relaxed spatial window of 50 km and temporal window of 30 min for comparison between 131 ASHE and MPLNET heights. This almost doubled the number of data points as compared to the 132 spatial window of 25 km, while improving the comparison statistics. 133
For AERONET, the cloud-screened (but not quality-assured) Level 1.5 inversion product, 134 which provides SSA at 440, 675, 870, and 1020 nm, were used, as the quality-assured Level 2.0 135 product only provided a limited number of samples for comparison (the number of collocated 136 Level 1.5 inversions within 3 h of ASHE were about a factor of three larger than that of Level 2.0, 137 when the filters described below were applied). However, the data are used only if the 440 nm 138 AOD is higher than 0.4, 440-870 nm AE higher than 1.5, and solar zenith angle (SZA) higher 139 than 40 o to reduce the level of uncertainty. We use a SZA threshold of 40° instead of Level 2.0's 140 50° because SZA was the main reason for the small number of collocations when Level 2.0 data 141 was used. It is known that the AERONET-retrieved SSA has a retrieval uncertainty of 0.03 for 142 440 nm AOD > 0.4 and SZA > 50° (Dubovik et al., 2000; Holben et al., 2006) , which is expected 143 to decrease with increasing AOD. Since the smoke events on which this study focuses generally 144 show 440 nm AOD higher than 0.4, and the SSA error is dependent on the air mass (which is 145 related to both AOD and SZA) and range of scattering angles sampled, the uncertainty of SSA is 146 expected to be similar or lower than 0.03 for some severe cases despite the relaxed SZA threshold. 147
Note that given the aforementioned filters applied to the Level 1.5 data set and calibration just 148 before the field experiment every year for most of AERONET instruments used, the difference of 149 retrieval accuracy resulting from AERONET Sun photometer calibration uncertainty between the 150 two data sets is expected to be small. 151
Both temporal and spatial constraints were applied to the comparison of SSA between ASHE 152 and AERONET. First, the AERONET data within 3 h of the VIIRS/OMPS overpass time were 153 averaged at each site. Then the mean of these averaged SSA at AERONET sites located within 50 154 km of smoke layers detected by ASHE (i.e., 550 nm AOD > 0.3 and UV aerosol index; UVAI > 155 0.7) were calculated and used for comparison. 156
157

ASHE ALGORITHM
159
This section briefly describes the ASHE algorithm as applied to VIIRS, OMPS, and CALIOP 160 observations; a more detailed description can be found in Jeong and Hsu (2008) and Lee et al. 161 (2015) . Note VIIRS/OMPS and CALIOP are aboard the Suomi National Polar-orbiting 162
Partnership (S-NPP) and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 163 (CALIPSO), respectively. In principle, the algorithm utilizes the sensitivity of UVAI to AOD, 164 SSA, and height of UV-absorbing aerosols (cf. Hsu et al., 1999) . As shown in the flowchart (Fig.  165 2), the algorithm utilizes four kinds of aerosol products in its retrieval process: AOD and AE 166 from VIIRS, UVAI from OMPS, and the TBC profile from CALIOP. After collocating the 167 various aerosol products from each sensor, the algorithm detects UV-absorbing aerosols (smoke 168 or dust) by a combined use of UVAI and Ångström exponent (AE). If the VIIRS/OMPS granule 169 includes UV-absorbing aerosols, and CALIOP provides the height of these aerosols, the 170 algorithm first retrieves SSA for each VIIRS/OMPS/CALIOP collocated pixel. This is done by 171 using the sensitivity of UVAI to SSA given AOD and aerosol height provided by VIIRS and 172 CALIOP, respectively. To extent the height retrieval away from the narrow CALIOP track, the 173 median SSA is chosen to represent the entire smoke or dust layer in the VIIRS/OMPS granule, 174 and used to retrieve aerosol height using the UVAI sensitivity to aerosol height given AOD and 175 SSA. The algorithm can be applied without CALIOP observations if SSA is provided from other 176 data sources, which will be referred to as 'simplified' algorithm as compared to the 'complete' 177 algorithm. Note the smoke and dust pixels are processed separately using appropriate aerosol 178 optical models. 179
The retrieved height is considered as the aerosol top height (ATH) if the system is single-180 layered, or as the radiatively-effective height in the case of multiple layers separated clearly from 181 one another. The SSA can be propagated from the UV to other wavelengths using the assumed 182 aerosol model. Currently, the SSA is provided at 340, 378, 412, 445, 488, 555, and 672 nm 183 (OMPS or VIIRS bands) for potential use as input for OMPS and/or VIIRS aerosol retrieval 184 algorithms. In this application, we only assume smoke aerosol models since smoke (as opposed to 185 dust) dominates during the spring season over the study domain (Lee et al., 2010) . 186
The VIIRS aerosol product is created using the VIIRS Deep Blue algorithm, which is based on 187 the Collection 6 (C6) MODIS Deep Blue algorithm (Hsu et al., 2013; Sayer et al., 2013 Sayer et al., , 2014b , 188 and optimized for the slightly different VIIRS sensor. The aerosol product provides daily global 189 coverage at a spatial resolution of 6 km × 6 km at nadir with a swath of 3040 km. 190
For UVAI, the 340-378 nm wavelength pair of OMPS measurements, which is not affected by 191 ozone absorption, is used and provides data at a spatial resolution of 50 km × 50 km at nadir 192 (Seftor et al., 2014) . The VIIRS data are aggregated to match the OMPS resolution in the 193 retrieval process, and the retrieved values are provided at the OMPS spatial resolution with a 194 swath of 2800 km. 195
The CALIOP aerosol height is determined from the aerosol TBC product at 5 km resolution 196 using the same approach as used for MPLNET, except with a TBC threshold of 0.03 km properties can vary according to material burned, combustion type, and aging processes (e.g. 210 Dubovik et al., 2002; Reid et al., 2005; Lee et al., 2010; Sayer et al., 2014a) . For the test case, the 211 smoke layer with AOD generally higher than 0.8 (not shown) resides at altitudes ranging from 2-212 5 km ( Fig. 3(b) ). The ASHE ATH shows a high level of correspondence compared to the 213 CALIOP observations, with a root-mean-square error (RMSE) of 0.5 km and mean bias (MB) of 214 0.2 km (Fig. 3(c) ). The comparison with MPLNET data at Doi Ang Khang ( Fig. 3(d) ) also 215 reveals a remarkable consistency between the two independent data, mainly due to the high 216 accuracy of the retrieved SSA (0.89 for ASHE vs. 0.90 for AERONET as shown in Fig. 3(e) ). 217 218 SIMPLIFIED ALGORITHM 219 220
As described above, the ASHE algorithm can be applied without CALIOP observations if the 221 SSA is provided by other data sources. By eliminating the requirement of CALIOP observations, 222 which limits the application of this algorithm to only those granules where CALIOP's narrow 223 track passes through the aerosol layer of interest, a significant increase in the spatiotemporal 224 coverage can be achieved. Here, we focus on the use of climatological SSA data derived from the 225 ASHE retrievals, although the climatology can be created using any data sources that provide 226 SSA. The ASHE-derived one has an advantage in that it provides consistency with the aerosol 227 models assumed in the algorithm. 228 
EVALUATION RESULTS
246
Comparison to CALIOP and development of QA procedure 247 Despite the caveats of using CALIOP data in evaluating the retrieved ATH (used as input for 248 SSA retrievals and spatial proximity), CALIOP still remains an important source of validation 249 data due to the large number of samples. Moreover, the variability in smoke properties along the 250 CALIOP track resulting from the complex burning sources over Southeast Asia can represent the 251 spatial variability of SSA within a VIIRS/OMPS granule to some extent (although the variability 252 along the CALIOP track could be smaller than that over the VIIRS/OMPS granule). Here, the 253 retrieved ATH from the complete algorithm is compared to the CALIOP-derived values, and a 254 QA procedure is developed based on the comparison results. 255 Fig. 5 shows RMSE of ASHE-retrieved ATH as compared to the CALIOP-derived values as a 256 function of thresholds for three different QA filters that can affect the retrieval accuracy. A 257 nearest-neighbor approach is used for the comparison. A thorough analysis of the retrieval results 258 reveals that the accuracy of ATH depends on various factors, including number of pixels 259 discarded at the edge of the VIIRS/OMPS swath (removing effects of increased pixel size at high 260 scan angles), number of collocations between VIIRS/OMPS and CALIOP for SSA retrievals, and 261 spatial co-variability of UVAI and AOD (hereafter referred to as 'edge-of-swath', 'number-of-262 collocation', and 'spatial variability' filters, respectively). The comparison results reveal that the 263 RMSE of the unfiltered data is ~1.1 km, decreasing with stricter thresholds for the QA filters 264 until the number of data points plays a significant role. Here, the thresholds are determined as the 265 point where the decrease in RMSE slows down but at least 50% of data points are retained. 266
However, in an operational setting, QA procedures usually incorporate visual inspection of a 267 more extensive data record once generated, so these thresholds may change in the future 268 (although the procedure will be based on the same philosophy). 269
The increase in pixel size of OMPS with scan angle means more probable subpixel cloud 270 contamination or scene heterogeneity in the pixels far from nadir than those near nadir. Cloud 271 contamination has detrimental effects on both SSA and ATH retrievals since it changes the UVAI, 272 and the present algorithm assumes clear-sky for UVAI calculations. The effect on SSA (and ATH 273 retrieved using a wrong assumption about SSA) is potentially more significant than the direct 274 effect on ATH because SSA is the largest source of error, and the error can propagate over the 275 entire granule. In addition, when the collocation between VIIRS/OMPS and CALIOP for SSA 276 retrievals occurs at the edge of the VIIRS/OMPS swath, the temporal difference between the two 277 satellites (S-NPP and CALIPSO) can be as large as 60 min (because the two satellites have the 278 same daytime local equatorial crossing time of ~13:30, and the satellites are passing different 279 time zones). The large temporal difference can cause the two satellites to observe inconsistent 280 heights of fast-changing aerosol layers. As a result, the procedure to retrieve SSA is bypassed 281 when the collocation is made in the three farthest VIIRS/OMPS pixels from nadir in both cross-282 track directions. 283
The number of collocations between VIIRS/OMPS and CALIOP can affect the retrieval 284 accuracy of SSA. Although some of the error in the Deep Blue AOD are contextual (i.e. depend 285 on geometry, AOD, and aerosol/surface type; Sayer et al., 2013) , increasing the number of points 286 should decrease the AOD error. Thus, theoretically, the retrieved SSA (retrieved by constraining 287 AOD and aerosol height) should asymptotically approach a true value as the number of 288 collocations increases, if the input aerosol profile from CALIOP and assumed aerosol model in 289 the retrieval process are accurate. As a result, a threshold of a minimum of 30 points is used for 290 the number-of-collocation filter. 291
While the aforementioned parameters affect the retrieval accuracy through SSA, some errors 292 are associated with pixel-level uncertainties. As shown in Lee et al. (2015) the ATH uncertainty 293 depends on cloud contamination and AOD. The spatial variability filter (defined as relative 294 standard deviation of the ratio between UVAI and AOD over the consecutive 3 × 3 pixels) is a 295 useful metric to determine whether the two error sources play significant roles. A threshold of 1.0 296 is chosen for the spatial variability filter together with an AOD threshold of 0.5 for the final test. 297
Note that data with the relative standard deviation lower than the threshold pass the QA test, 298 while the other filters work the other way around. 299 For the complete algorithm, data without any QA filters, that passed through the edge-of-swath 312 filter, and that passed through all of the QA filters will be referred to as 'unfiltered', 'all QA', and 313 'best QA' data, respectively. For the simplified algorithm, since it does not include the procedure 314 to retrieve SSA (so that the edge-of-swath and number-of-collocation filters do not affect the 315 retrieval process), data without any filters will be referred to as 'all QA' data, while the data 316 which passes through the spatial variability and AOD filters will be 'best QA' data. 317 Table 2 summarizes the comparison statistics between ASHE and CALIOP ATHs. Results for 318 different algorithm types and QA filters are presented. For the complete algorithm, the ATH 319 shows RMSE ranging from 0.8-1.1 km, decreasing with the level of QA as intended. In RMSE 320 metric there is only a slight difference between unfiltered and QA-filtered data. However, the 321 reduced number of data points (from 627 to 335 or 177) and increased fraction within 1 km (from 322 74% to 81 or 84%) when applying the QA filters imply that the unfiltered data includes a large 323 number of outliers, mainly due to the large uncertainty in the retrieved SSA and cloud 324 contamination in the enlarged pixels near the edge of the swath (note that the difference between 325 unfiltered and QA-filtered data is whether using SSA retrieved at the edge of swath). The RMSEs 326 of the QA-filtered data correspond to 30-40% uncertainty given a mean height of ~3 km, 327 consistent with the theoretical uncertainty in Lee et al. (2015) . 328
The simplified algorithm shows slightly reduced performance in terms of RMSE, but has a 329 larger number of data points than the complete algorithm. However, fairly large decreases are 330 observed in the fractions within 1 km metric for both all QA and best QA data, which suggests 331 that the simplified algorithm is more suitable for climatological studies rather than those 332 requiring more accurate instantaneous information (such as air quality monitoring). 333
Comparison to MPLNET data 334 The bias in the retrieved ATH is a function of biases in AOD and SSA. Because UVAI 341 increases with increasing ATH, increasing AOD, and decreasing SSA (cf. Hsu et al., 1999; 342 Ginoux and Torres, 2003) , for a given UVAI, high biases in AOD and SSA result in low bias and 343 high bias in ATH, respectively; the converse is true for low biases. The errors due to AOD and 344 SSA sometimes cancel out, but a large bias can also arise when the biases in AOD and SSA are in 345 opposite directions to each other, so that the resulting ATH errors combine. A strong 346 underestimation observed on 2 March 2013 is found to be due to the strong negative bias in SSA. 347
Although the low bias in AOD is expected to cancel some of the error caused from the low bias 348 in SSA, the resulting ATH is still strongly biased low, because ATH is more sensitive to errors in 349 SSA than AOD. The biases in ATH can be explained by errors in AOD and SSA in general. 350
However, it is difficult to confine the source of error when other parameters play a significant 351 role, such as aerosol model assumption in ASHE, SSA retrieval uncertainty in AERONET, etc. 352 It is noteworthy that the simplified algorithm performs fairly well with a fixed SSA, even 353 though the variability of SSA can be quite large (as seen by AERONET). The SSA at Doi Ang 354 Khang tends to increase from March to April, possibly due to changes in atmospheric conditions 355 such as relative humidity, and aging of the smoke aerosols. This implies that time-or atmospheric 356 condition-dependent SSA parameterization in addition to the mean state could potentially 357 improve the simplified algorithm, although it is beyond the scope of this study to include such 358 effects in the algorithm. 359 Table 3 summarizes the comparison statistics against MPLNET data. The statistics generally 360
show tendency similar to the one seen for comparisons against CALIOP, i.e., increasing 361 performance with the level of QA (except for the best QA data from complete algorithm due to 362 the limited number of samples). However, in this case the simplified algorithm shows slightly 363 better performance than the complete algorithm in terms of RMSE. The opposite was true for the 364 comparison against CALIOP. For the complete algorithm, the fraction of QA-filtered data within 365 1 km of MPLNET's decreases as compared to the case against CALIOP (81-84% for CALIOP vs. 366 71-77% for MPLNET), whereas it increases (61-64% for CALIOP vs. 70-75% for MPLNET) for 367 the simplified algorithm. Accordingly, RMSE increases from 0.8-1.0 km (CALIOP) to 1.1 km 368 (MPLNET) for the complete algorithm, and decreases from 1.1-1.2 km (CALIOP) to 0.8-0.9 km 369 (MPLNET) for the simplified algorithm. Although the poorer performance of the complete 370 algorithm than the simplified one when comparing to MPLNET is likely due to a sampling issue 371 (only 13 data points for all QA data, and 7 for best QA data), the assumption of uniform SSA is 372 thought to affect the retrieval accuracy to some extent. Note Student's t-test did not show a 373 significant difference in error distributions between the complete and simplified algorithm at a 374 95% confidence level. 375
376
SUMMARY AND CONCLUSIONS
378
This study assessed the ASHE algorithm in retrieving the height of biomass burning smoke 379 aerosols by comparing to spaceborne and ground-based lidar measurements during the peak 380 burning season over Southeast Asia. We determined that the performance of the algorithm 381 depends on uncertainty in the retrieved SSA, representation of the SSA within a granule, and 382 pixel-level uncertainties in AOD and UVAI. In particular, the SSA retrieved along the edge of the 383 VIIRS/OMPS swath showed large uncertainty and limited the performance of the algorithm. 384
When compared with CALIOP data, the retrieved height showed uncertainty of 30-40% 385 depending on algorithm type (complete vs. simplified) and validation target (CALIOP vs. 386 MPLNET), given a mean smoke height of ~3 km over the study domain. The complete algorithm 387 generally showed better performance than the simplified algorithm as it uses retrieved SSA and 388 CALIOP-derived profile shape in its processing stream while assumed values are used for the 389 simplified algorithm. However, when compared with MPLNET data, the opposite was observed, 390
suggesting that a longer-term evaluation is required to better understand the error characteristics 391 at locations far from where the SSA is retrieved. 392
As the requirement for CALIOP observations is the largest limitation in achieving more 393 complete global coverage, efforts will be made to create a global SSA map of UV-absorbing 394 aerosols. The similar frequency distributions of SSA between ASHE and AERONET suggest 395 possible use of the AERONET-derived SSA climatology, in particular over land, which is much 396 easier to achieve than using ASHE given the computational expense required for the global 397 processing of ASHE. The simplified algorithm will provide users with more options for their 398 respective science questions, depending on requirements on accuracy vs. frequency of data. 399
Although improved since its development, the algorithm still has room for further 400 enhancement. First of all, the aerosol layer for which the SSA is retrieved can be separated from 401 the others within a granule, such that the algorithm can be only applied to the aerosol layer of 402 interest. Because a poor assumption about SSA is the largest potential source of error, the 403 procedure would improve the quality of ATH further, at the cost of reduced spatial coverage. In 404 addition, a more complete suite of aerosol models as functions of size distributions and absorbing 405 AE is required to further reduce errors resulting from aerosol model assumptions. The VIIRS-406 retrieved size information, such as AE and fine-mode AOD fraction, can help to constrain the 407 size information, in particular over ocean where size information is more reliable than over land. 408
Meanwhile, the spectral absorption characteristics can be constrained by climatological data 409 derived from AERONET (e.g. Sayer et al., 2014a) or other sources. 410
With the current and planned new missions carrying spaceborne lidars, such as the Cloud-411
Aerosol Transport System (CATS), Earth Clouds, Aerosols and Radiation Explorer (EarthCARE), 412
and Aerosol-Cloud-Ecosystems (ACE), the synergistic use of multiple satellite sensors will be 413 refined further to provide more complete information about aerosol height over the globe. 
